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Abstract:     
A quasi-1D simulation model was developed to estimate total area-specific resistance for 
overvoltages (Rtot) and cell voltage by separating gas conversion impedance (GCI) from overall 
real-part impedance in high temperature steam electrolysis with a solid oxide cell (SOEC). GCI 
and Rtot for a square cell was estimated as 0.012-0.011 Ω cm2 and 0.206-0.216 Ω cm2, 
respectively, at J = 0.0-1.8 A cm−2, 800°C, and relatively high flow rates. Even though GCI is 
small compared to Rtot, ignoring the GCI will result in higher simulation errors at J > 0.5 A cm−2. 
Simulation results attained ±0.3 % or better precision against measured cell voltages at 750-
850°C. Furthermore, case studies at 800°C revealed ±40 % local current density distribution in 
the cell at 1.0 A cm−2 and 82 % steam utilization. GCI was roughly inversely proportional to gas 
flow-rates and depended on steam utilization. Improvement of Rtot to 0.150 Ω cm2 could attain 
more than 1.75 A cm−2 at 1.30 V. 
 
 
 
Keywords: steam electrolysis; SOEC; hydrogen production; simulation model with equivalent 
circuit; gas conversion impedance 
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1 Introduction 
As already issued in Germany, excess of intermittent renewable power from photovoltaic and 
wind power plants affects balance between supply and demand in power grids, causing instability 
of the grids [1−3]. Excess power is sometimes sold with negative electricity prices [2,3]. In 
Germany, renewable power plants are concentrated in northern parts, while much power is 
consumed in southern regions [3]. Thus, high-voltage transmission lines should be constructed 
and large-scaled power storage is necessary to stabilize the power-grid balance.  
Hydrogen has attracted much attention as one of potential storage media for large scaled 
power [1]. There are several methods to produce hydrogen by electrolysis such as alkaline cells, 
polymer electrolyte cells, and solid oxide cells. Among the electrolysis methods, steam 
electrolysis at high temperatures with solid oxide cells (SOECs) has several advantages;  
1. Thermodynamically, high temperature heat can reduce power demand in electrolysis, or ∆G 
[4] 
2. This will lead to lower operating voltage and high energy efficiency. An operating voltage 
at an SOEC and a polymer electrolyte cell at 1.0 A cm−2 will be around 1.3 V and 2.0 V, 
respectively [5], though their voltages practically depend on system design and a targeted system 
efficiency. 
3. Carbon dioxide as well as steam can be reduced to make syngas (H2-CO) for synthetic fuels 
such as methane [6]. 
However, there are some issues in research and development of SOECs. Higher current density 
needs to be improve from the status quo, i.e. 0.2-1.0 A cm−2 and another issue is higher 
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degradation rate, that is generally 1-4 % per thousand hours [6-8] compared to solid oxide fuel 
cells (SOFCs) of 0.2-1 %/kh [9,10].   
To develop an SOEC or its stack with better performance, evaluation of overvoltages derived 
from ohmic loss, activation processes, and gas diffusion in electrodes is important. 
Electrochemical impedance spectrometry (EIS) is often used to investigate these processes and to 
try separating each process and evaluate frequency-dependence and area specific resistance [11]. 
As an impedance spectrum of an SOFC is shown in Fig. 1, two semicircles or arches for higher 
and lower frequency processes would be often observed in EIS measurement in SOFCs. 
Considering analogy from SOFC, impedance spectra in SOEC may include a gas conversion 
impedance (GCI) [12,13]. GCI originates from gas composition change in gas channels due to 
altering current or voltage at lower frequencies with a characteristic frequency at typically 1.0 Hz 
or lower. For SOFCs, Primdahl et al. reported for a small electrode (0.50 cm2) at a high fuel flow-
rate (183 sccm cm−2) [12] and Takano et al. for a practical-sized electrode (57 cm2) at a reduced 
fuel flow-rate (3 sccm cm−2) [13]. However, GCI has not been well discussed or quantified for 
SOEC in literature, except GCI was mentioned by Jensen et al. [14]. 
 
Fig. 1―An example of impedance spectra of a Ni-8YSZ-supported solid oxide fuel cell. 
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As depicted in Fig. 1, a confusing thing is that GCI could be merged with diffusion impedance 
at the similar lower frequencies in EIS measurements [15]. The diffusion impedance corresponds 
to concentration overvoltages derived from mass transport in electrodes which is driven by 
difference of gas concentration in each electrode between bulk and interface between one 
electrode and an electrolyte [16]. Diffusion impedance depends on electrode morphology in a cell 
and molecular size of gas species diffusing in the electrode. Therefore, the impedance differs 
from GCI. Primdahl et al. reported for the small SOFC, where gas composition change is very 
small, that GCI is proportional to an absolute temperature, inverse of gas flow-rate, and 
summation of inversed mole fraction of H2 and H2O (1/χH2 + 1/χH2O) [12]. Takano et al. clarified 
by numerical simulation that the GCI characteristics can be applied in principle for the larger 
SOFC at reduced flow-rates where gas composition and current density changes drastically in the 
electrodes [13]. So, GCI estimation is more complicated at practical sized SOFCs at reduced 
flow-rates to increase fuel utilization to e.g. 80 %. From these points, GCI is just impedance 
influenced by gas-flow-rates, gas composition, temperature, and geometry of gas channels 
(height, porosity of current collectors and so on). Therefore, GCI should be considered apart from 
the overvoltages and corresponding area-specific resistances evaluated by EIS measurement or 
other means.  
In this paper, to evaluate properly cell performance or area-specific resistance in high 
temperature electrolysis, numerical simulation methods were developed by considering GCI in 
SOEC. After GCI calculation, total area-specific resistance Rtot (Ω cm2) at 750-850°C, which 
corresponds to sum of ohmic, activation, and diffusion overvoltages at a current density, was 
estimated with a quasi-1D simulation model coupled with experimental data using a semi-
practical-sized square cell. We will discuss importance of considering GCI by comparing cell 
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voltages at different current-densities between simulation and experiment. In addition, case 
studies were carried out at 800°C to investigate effect of reduced gas flow-rate on cell 
performance and distribution of current density and other parameters in the cell and effect of Rtot 
on V-J curves.       
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Nomenclature 
ac alternating current 
c molar density (mol cm−3) 
C capacitance  
CGO gadolinium-doped ceria 
D binary diffusion coefficient (cm2 s−1) 
Deff effective binary diffusion coefficient (cm2 s−1) 
dc direct current 
Eemf electromotive force (V) 
EIS electrochemical impedance spectroscopy 
F Faraday constant (96485 C mol−1) 
f flow rate (sccm) 
GCI gas conversion impedance (Ω cm2) 
∆G Gibbs free energy change 
∆G°H2O (T) Gibbs free energy change of hydrogen combustion at p° and T (J mol−1) 
h gas channel height (cm) 
I current (A) 
J current density (A cm−2) 
jo local current density (A cm−2) 
LSCF lanthanum strontium cobalt ferrite, La0.58Sr0.4Co0.2Fe0.8O3-δ 
M molecular weight (kg mol−1) 
ORI overall real-part impedance (Ω cm2) 
p partial pressure (kPa) 
p° standard pressure (101.325 kPa) 
R gas constant (8.3145 J mol−1 K−1) 
sccm standard cubic centimeter per minute at 0°C and 101.325 kPa (cm3 min−1) 
T temperature (K) 
t time (s) 
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Ust steam utilization (%) 
v line velocity to x-direction (cm s−1) 
V voltage (V) 
∂V/∂J differential resistance (Ω cm2) 
∆x length of a node to x-direction (cm) 
8YSZ 8 mol% yttria-stabilized zirconia  
 
 
Greek letters 
 
ϵpo porosity (−) 
ϵ characteristic energy in the Lennard-Jones potential (J) 
κ Boltzmann constant (1.38067 × 10−23 J K−1 ) 
σ average collision diameter (Å) 
τ tortuosity (−) 
χ mole fraction (mol mol−1) 
ΩD collision integral (−) 
  
Subscripts  
a anode 
act activation 
c cathode 
cell cell 
dif diffusion 
H2 hydrogen 
H2O water vapor 
i H2, H2O, O2, or N2 
in inlet 
j H2, H2O, O2, or N2 
meas measured 
N2 nitrogen 
O2 oxygen 
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ohm ohmic 
sim simulated 
tot total 
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2 Simulation model 
A simulation model was developed to calculate gas conversion impedance (GCI), voltage-
current-density curve, and local distribution of mole fraction of gases, electromotive forces, and 
current densities in a single cell. In the simulation, GCI should be calculated first, followed by 
evaluation of total area-specific resistance Rtot which corresponds to total overvoltages. Then, 
those outputs were obtained after convergence. Details are explained in following subsections. 
 
2.1 Geometry of a single cell unit 
As shown in Fig. 2, a single cell unit used in experiments was modeled that consists of a cell 
(Forschungszentrum Jülich [17,18]), current collectors, and gas manifolds. The cell is composed 
of Ni-8YSZ/8YSZ/CGO/LSCF. This cell is supported by a 1 mm-thick Ni-8YSZ cathode (fuel 
electrode) on which 8YSZ electrolyte (10 μm), CGO interlayer (3  μm), and LSCF anode (air 
electrode, 30-40 μm) are sequentially deposited. Active electrode area is defined as one of 4 cm × 
4 cm LSCF, 16 cm2. To investigate local gas mole-fraction, electromotive force, and current 
density, x-direction was divided by 100, making a node size to x-direction, ∆x = 0.040 cm.  
 
Fig. 2― Geometry of a single cell unit for experiment and numerical simulation. 
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Gas channel on cathode and anode is defined as a space between the electrode surface and the 
gas manifold surface for each electrode (4 cm × 4 cm × height h), which means not only space for 
a current collector but also grooves in the manifolds. Since the gas manifolds used in the 
experiment had complex grooves, averaged height of the gas channel for cathode and anode 
along z-direction is used as hc = 0.174 cm and ha = 0.174 cm, respectively. It was reported that 
size of GCI in SOFC is roughly proportional to channel height [13]. Most of the gas channels are 
filled with Ni and Pt current collectors for cathode and anode, respectively. The current collectors 
were made of plain-weave meshes. According to a porosity calculation equation for plain weave 
[19], an average porosity εpo,c = 0.945 for the cathode gas channel and εpo,a = 0.953 for the anode 
one was obtained respectively, considering  the mesh sizes and wire diameters. Tortuosity τ for 
both electrodes is set at 1.05 for both gas channels derived from general relationship between εpo 
and τ [20]. Both parameters influence gas diffusivity in the gas channels. 
As exhibited in Fig. 2, cathode gas (82 % H2O-H2) and anode gas (imitated air, 20.95 % O2-
N2) at a standard pressure po (101.325 kPa) are supplied in co-flow configuration to x-direction.  
The temperature of the cell, anode gas, and cathode gas was basically 800°C, otherwise noted. 
Cell voltage Vcell is defined as potential difference between the Pt current collector and the Ni 
current collector. In this paper, positive-value of current I, overall current density J, and local 
current density jo means electrolysis mode. 
 
2.2 Governing equations 
To carry out numerical simulations at the standard gas pressure po or 101.325 kPa, following 
points were mainly assumed; 
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1. Gas flow to x-direction in a gas channel of both electrodes is homogeneous at any y position, 
so that quasi-1D simulation is valid considering the channel height h in z-direction. 
2. Uniform temperature distribution in the cell including gases’ temperatures 
3. No gas leakage or mixture between anode and cathode sides 
4. No electronic current through the 8YSZ electrolyte 
5. Current efficiency is 1 to obey the Faraday’s law that determines number of electrons 
transferred at electrochemical reactions in SOEC (H2O + 2e− → H2 + O2−, O2− → 0.5 O2 + 2e−) 
6. Current collector for both electrodes has high electronic conductivity, so that Vcell is uniform at 
every local position in the cell 
7. Gases behave as ideal gases 
8. Pressure drop in anode and cathode can be ignored.  
 
Following governing equations were used for simulation. Electromotive force Eemf was given 
by the Nernst’s equation. Each partial pressure pi was obtained from solving Eqs. 2-4 and 7. 
ܧୣ୫୤ ൌ	− 
∆ீౄమో° ሺ்ሻ
ଶி ൅
ோ்
ଶி ݈݊
ቀ೛ౄమ೛° ቁቀ
೛ోమ
೛° ቁ
బ.ఱ
ቀ೛ౄమో೛° ቁ
  (1) 
Equations 2-4 express advection-diffusion equations to x-direction for H2 and H2O in cathode and 
O2 in anode where the right-side terms mean molar rate per volume of H2 and O2 production or 
H2O reduction due to the electrochemical reactions.  
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డ௩ೌ	௖ోమ
డ௫ െ 	ܦ୓మ,୒మୣ୤୤ 	
డమ௖ోమ
డ௫మ ൌ 	
௝౥
ସி௛౗  (4) 
 
where ci is molar density for gas specie i, vc and va is line velocity to x-direction of cathode gas 
and anode gas, respectively. The effective binary diffusion coefficients ܦ௜,௝ୣ୤୤ in Eq. 2-4 were 
given by Eq. 5 [21] 
ܦ௜,௝ୣ୤୤ 	ൌ 	 ఢ೛೚ఛ ܦ௜,௝       (5) 
where εpo and τ is porosity and tortuosity of a gas channel mainly governed by those of current 
collectors, respectively, for each electrode. Binary diffusion coefficients ܦ௜,௝ were obtained by 
the Chapman-Enskog theory [22,23] 
ܦ௜,௝ ൌ 0.001858	 ൣ்
య൫ெ೔ାெೕ൯/ெ೔	ெೕ൧బ.ఱ
௣°	ఙ೔,ೕమ	ఆವ 	  (6) 
where T is an absolute temperature (K), σi, j is average collision diameter (Å), ΩD is a 
temperature-dependent collision integral (−), and Mi and Mj are molecular weight for gas species 
i and j. ΩD was calculated as a function of the non-dimensional reduced temperature T* = T / (εi,j 
/κ) which is estimated from T and normalized characteristic energy ߝ௜,௝/ߢ ൌ 	ටఌ೔఑ 	
ఌೕ
఑  in the 
Lennard–Jones potential for the binary system [23,24]. Detailed estimation way of ΩD can be 
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seen elsewhere [23,25]. As shown in Table 1, these values were used for the advection-diffusion 
equations. 
 
Table 1 Collision integral and binary diffusion coefficient 
Temperature (°C) 
ΩD (-)  Di, j (cm2 s−1) 
H2-H2O    O2-N2  H2-H2O O2-N2 
750 0.8559 0.7228  7.04 1.66 
800 0.8473 0.7173  7.64 1.80 
850 0.8393 0.7121  8.26 1.94 
Estimated from ߪୌమ,ୌమ୓ = 2.734 Å, ߪ୓మ,୒మ = 3.613 Å, ߝୌమ,ୌమ୓/ κ = 219.78 K,  
and ߝ୓మ,୒మ/ κ = 87.28 K [24] 
 
Using the equation of state, partial pressure for each gas specie was obtained as follows; 
pi = ci R T       (7) 
where i is H2, H2O, or O2. Partial pressure of nitrogen was calculated by po – ݌୓మ. Continuity for 
cathode and anode sides was given as follows, respectively [13]. 
డ௩೎
డ௫ ൌ 0       (8) 
డ௩ೌ
డ௫ ൌ
ோ்
௣°
௝೚
ସி௛ೌ      (9) 
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As exhibited in Fig. 3, an equivalent circuit was presumed for every node that consists of Rohm-
RactCact-RdifCdif-Eemf where each area specific resistance R corresponds to ohmic, activation, and 
diffusion overvoltages, respectively. In this paper, only direct-current simulations were 
implemented, so that the capacitances size C is arbitrary. Local current density, jo was obtained 
from Eq. 10. To evaluate distribution of the local current densities along x-direction, Vcell and 
total area-specific resistance Rtot (= Rohm + Ract +Rdif) should be given. Therefore, each area-
specific resistance is not necessary which is difficult to separate and obtain except by special 
techniques such as analysis of distribution of relaxation times (DRT) for impedance spectra 
[26,27]. 
  
 
Fig. 3― Equivalent circuit for SOEC simulation 
 
݆୭ ൌ 	 ௏ౙ౛ౢౢି	ா౛ౣ౜	ோ౥౞ౣାோ౗ౙ౪ାோౚ౟౜ ൌ 	
௏ౙ౛ౢౢି	ா౛ౣ౜	
ோ౪౥౪    (10) 
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An overall current I through the whole electrode is obtained by integrating jo, which can be 
approximated as in Eq. 11. 
ܫ ൌ ׬ ݀ݕସ଴ ׬ ݆୭݀ݔ
ସ
଴ ൌ 4׬ ݆୭݀ݔ
ସ
଴  ≈ 4 ∑ ݆୭,௡	∆x  (11) 
where the ݆୭,௡ represents a current density at n-th node in x-direction and ∆x is length of a node 
(0.040 cm). Equation 12 represents relationship among I, steam flow-rate at cathode inlet, or 
χH2O,in fc / (22414 × 60) (mol s−1), and steam utilization Ust (%) according to the Faraday’s law. 
The cathode-gas flow-rate 	 ୡ݂ (sccm) is a volumetric flow-rate at 0°C and 101.325 kPa for ideal 
gas. Steam utilization means percentage of steam reacted in cathode by electrolysis and converted 
into hydrogen.  
I = 2ܨ 	߯ౄమో,౟౤		௙ౙଶଶସଵସൈ଺଴ 	
௎౩౪
ଵ଴଴     (12) 
 
2.3 Evaluation of GCI and Rtot 
As mentioned in introduction and schematically shown in Fig. 1, real-part of impedance 
spectra will consist of impedances corresponding to not only ohmic, activation, and diffusion 
overvoltages but also gas conversion impedance (GCI). The diffusion impedance may be 
convoluted in the right lower-frequency arch. If GCI is properly estimated, the total area-specific 
resistance Rtot could be evaluated from the overall real-part impedance (ORI). In this paper, Eq. 
13 was presumed.  
Rtot = ORI – GCI      (13) 
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This way of Rtot estimation is denoted as Method A. Overall real-part impedances were obtained 
at several current densities in impedance measurements described in section 3. 
In addition, differential slope of voltage-current-density (V-J) curves, or ∂V/∂J should accord 
with ORI at ideal conditions. This is because 1. impedance is ratio between voltage and current, 2. 
real-part impedance reflects ability of a circuit to resist the flow of electrical current and 3. 
impedance measurements are carried out by superimposing small ac current on a dc current 
[11,28]. Therefore, Rtot could be also obtained by  
Rtot = ∂V/∂J – GCI      (14) 
which is denoted as Method B for Rtot estimation. ∂V/∂J were calculated from experimentally 
obtained V-J curves and curve-fittings followed by differentiation. 
Therefore, GCI should be estimated first with a value Rtot roughly guessed from EIS data. This 
rough use of Rtot as an initial value is acceptable since Rtot has only small impact on GCI as 
shown later. Thus,  GCI was evaluated with Rtot = 0.200 Ω cm2 for 800ºC guessed from excluding 
real-part of the lower-frequency arch from ORI at an experimental data at 1.0 A cm−2 (see Fig. 5 
in section 4.1). Then, simulation of a V-J curve was carried out at Rtot = 0.200 Ω cm2 and 0.0-1.8 
A cm−2 to obtain ∂V/∂J by differentiation of the curve and GCI by transformed Eq. 14, or ∂V/∂J – 
0.200 Ω cm2. 
Next, Rtot was finally estimated by Method A or Method B with the calculated GCI and 
experimentally obtained ORI or ∂V/∂J at several current densities J, respectively. 
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2.4 Solution method 
First, gas composition and flow-rate of cathode and anode gases supplied to each electrode, a 
cell-and-gases temperature, Rtot, steam utilization Ust, and initial cell voltage (e.g. 0.900 V) were 
given.  
Then, the advection-diffusion equations, or Eqs. 2-4 were solved by the explicit finite 
differential method in following boundary conditions (Eq. 15-18). It was presumed that there is 
no current at nodes for the left and right edges (x = 0-0.04 and 3.96-4.00 cm). Molar density at 
position x and time t is expressed as ci(x, t) for gas species i.  
ܿ௜ሺ0, ݐሻ ൌ 	 ௣೔,೔೙ோ் ൌ
߯೔,౟౤	௣°
ோ்     (i = H2, H2O, O2, N2) (15) 
where ߯௜,୧୬ is mole fraction of gas specie i at gas inlets (x = 0). 
For cathode, 
ܿୌଶ୓ሺ4, ݐሻ ൌ 	 ߯ౄమో,౟౤	௣°ோ் 	ሺ1 െ
௎౩౪
ଵ଴଴ሻ   (16) 
ܿୌଶሺ4, ݐሻ ൌ 	 ௣°ோ் 	 െ ܿୌଶ୓ሺ4, ݐሻ   (17) 
For anode, 
ܿ୓ଶሺ4, ݐሻ ൌ 	 ߯ోమ,౟౤	௣°ோ் 	ሺ1 ൅
௎౥౮
ଵ଴଴ሻ   (18) 
where Uox (%) represents degree of O2 evolution by electrolysis calculated from Eq. 19. 
Uox = 
߯ౄమో,౟౤	௙ౙ	௎౩౪
ଶ߯ోమ,౟౤	௙౗	
      (19) 
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Initial conditions for molar densities were given as  
ܿ௜ሺݔ, 0ሻ = ܿ௜ሺ0, ݐሻ   (i = H2, H2O, O2, N2)  (20) 
 
Iteration was continued with scanning Vcell until current I met one for a set steam utilization 
(Eq. 12) by ± 0.001 A and difference between ܿ௜ሺݔ, ݐሻ and ܿ௜ሺݔ, ݐ ൅ ∆ݐሻ became less than 10−3 % 
where ∆ݐ is time step. As a simulation result, Vcell, I, J, local mole fraction χi, Eemf, and jo were 
output.  
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3 Experimental 
A Ni-8YSZ supported cell was used at 750-850°C to obtain V-J curves and electrochemical 
impedance spectra at several current densities. Impedance spectra were measured to evaluate 
overall real-part impedance (ORI) and Rtot by Method A as mentioned in section 2.3. On the other 
hand, V-J curves were used for evaluating ∂V/∂J and Rtot by Method B and also for comparing to 
Vcell simulation results. 
As mentioned in section 2, the Ni-8YSZ/8YSZ/CGO/LSCF cell was obtained from 
Forschungszentrum Jülich, Germany [17,18]. The 1-mm thickness Ni-8YSZ support was 
produced by warm pressing using a so-called Coat-Mix material and pre-sintered at 1230°C. 5-10 
µm NiO-8YSZ cathode-function-layer and 7-10 µm 8YSZ electrolyte were deposited on it by 
screen-printing and fired at 1400°C to obtain half-cells in the size of 5cm × 5 cm. The CGO layer 
was screen-printed on the electrolyte and sintered at 1300°C. Thickness of the CGO layer after 
sintering was 10-15 µm. Then, 4 cm × 4 cm LSCF anode (La0.58Sr0.4 Co0.2Fe0.8O3-δ) was prepared 
by screen-printing and finally sintered at 1050°C, giving 30-40 µm thickness. Active electrode 
area is defined as 16 cm2 as in section 2.1. 
As schematically exhibited in Fig. 2, a single cell unit was assembled with the cell, a Ni 
current collector for cathode, a Pt current collector for anode, and gas manifolds. Thermocouples 
were inserted at gas inlets and outlets. Gas sealing was implemented with gold rectangle-shaped 
ring for both electrodes [18]. During electrochemical measurements, temperature difference 
between inlet and outlet was about 2 K. This small temperature change suggests that hydrogen 
combustion due to gas leakage could be negligible and gas sealing would be almost perfect. 
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Cell testing started from heating up to 900°C at 3 K/min, followed by reduction procedure 
described elsewhere [29]. Then, cell temperature was decreased to 800°C where several V-J and 
EIS measurements were carried out at an ambient pressure. To investigate temperature-
dependency of V-J curves, cell testing was also implemented at 750 and 850°C. For cathode, 
82 % H2O-H2 was supplied at 2000 sccm via a H2O-evaporator mixer (CEM 303A, Bronkhorst) 
using H2 as a carrier gas controlled by a mass flow-controller (F-201C, Bronkhorst). Flow-rate of 
liquid water was controlled with a Coriolis mass-flow-controller (CORI-FLOW, Bronkhorst). Air 
was fed to the anode with a mass-flow-controller (F-201C, Bronkhorst).  
In electrochemical measurements, an electronic-load instrument was used for V-J curve 
measurement at 0-24 A, or 0-1.5 A cm−2 (Ust = 0-10 %) or up to 1.3 V to prevent damage to the 
cell. On the other hand, electrochemical impedance spectra (EIS) were obtained using a 
potentiostat (PP240, Zahner) and an impedance spectrum analyzer (IM6, Zahner) at galvanostatic 
mode with 0.2 A amplitude from 40 kHz to 0.5 mHz. Impedance measurements were carried out 
at different current densities up to 1.0 A cm−2.    
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4 Results and discussion 
4.1 GCI estimation and V-J curve validation at 800°C 
Gas conversion impedances (GCI) were estimated from V-J curve simulations assuming total 
area-specific resistance Rtot = 0.200 Ω cm2 at 800°C. As shown in Fig. 4, GCI was estimated as 
0.0121-0.0101 Ω cm2 at J = 0.00-1.77 A cm−2. These GCIs correspond to ca. a quarter of the 
lower frequency arch in the impedance spectra (see Fig. 5), while the residual  3/4 could be due 
to diffusion overvoltages since the Ni-8YSZ electrode was as thick as 1 mm. GCIs were also 
found to be only 4 % of the overall real-part impedances.  
These GCIs are far lower than 0.5-1.0 Ω cm2 reported by Takano et al. for a seal-less SOFC 
[13]. Though it is difficult to compare directly GCI at different conditions such as gas 
compositions and with/without gas seal for SOEC and SOFC, the GCI difference will be due to 
one in flow-rates per electrode-area considering from GCI principle that GCI is inversely 
proportional to gas flow-rate at a very small electrode [12]. We used the flow-rates per electrode 
area in this paper at 125 sccm cm−2 for fuel electrode and 189 sccm cm−2 for air electrode, while 
3 sccm cm−2 and 15 sccm cm−2 were used in Takano’s work [13], respectively. Since GCI is more 
affected by fuel flow-rate, 42-times higher fuel flow-rate in this paper was used than one in their 
work, which roughly agrees with the GCI difference by 42-100 times. Effect of flow-rates on 
GCI in the SOEC will be discussed in section 4.3.1.  
As a result of sensitivity studies, it was confirmed that selection of Rtot will influence GCI 
calculation only by 0.0010 Ω cm2 or smaller at 800°C and Rtot = 0.200-0.300 Ω cm2. This will be 
because GCI in electrolysis originates from structure of the gas channels, porosity of the current 
collectors, temperature, and gas flow-rate instead of cell performance itself (Rtot). Thus, the GCI 
23 
 
estimation method can be reasonable and practical. The estimated GCIs will have at least 
±0.0006 Ω cm2 uncertainty at 95 % level of confidence, considering from uncertainty estimation 
type B assuming rectangular distribution. [30].  
 
 
Fig. 4― GCI estimation from simulated ∂V/∂J at Rtot = 0.200 Ω cm2 and 800°C. Simulation 
conditions: Cathode gas: 82 % H2O-H2 2000 sccm, anode gas: 20.95 % O2-N2 3000 sccm, Ust = 
0-12 %. 
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Fig. 5― Impedance spectra measured at 0.00-1.00 A cm2 and 800°C. Experimental conditions: 
82 % H2O-H2 2000 sccm, Air 3000 sccm, amplitude 0.2 A, frequency 40 kHz-0.5 Hz. 
 
Then, cell voltages Vcell and V-J curves are simulated using calculated GCIs and 
experimentally obtained impedance spectra (Method A) and V-J curves (Method B). Figure 5 
displays impedance spectra at 800°C at different current densities. From right edge positions of 
the real-part in each spectrum, overall real-part impedances (ORI) were determined. According to 
Eq. 13, subtraction of GCI from ORI gave Rtot (Method A) (see Table 2). On the other hand, by 
differential of the experimentally-obtained V-J curves as in Fig. 6, Rtot (Method B) was estimated 
from ∂V/∂J – GCI (Eq. 14). As exhibited in Table 2, Rtot was estimated as 0.2163 and 0.2151 Ω 
cm2 at 1.00 A cm−2 from Methods A and B, respectively. Rtot difference between Methods A and 
B was ±0.008 Ω cm2 at 0.00-1.00 A cm−2.   
In Table 2, simulation errors of Vcell against measured values for both methods were 
summarized. It was found that the Method A and the Method B can simulate cell voltages by 
±0.21 % and ±0.12 % error, respectively. These small errors will correspond to ±0.009 Ω cm2 and 
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±0.006 Ω cm2 errors in estimating Rtot, respectively. Therefore, assumed equations 13 and 14 for 
Rtot estimation are reasonable. The larger errors from the Method A may be due to somewhat 
scattered lower-frequency arch in the impedance measurements.  
From the above, both methods can precisely predict cell voltages at high temperature steam 
electrolysis. And GCI and Rtot in SOEC will be well estimated by the simulation model. 
 
 
 
 
 
 
Table 2 Estimation of GCI, Rtot, Vcell, and Vcell simulation error at 800°C 
J  
(A cm−2) 
GCI  
(Ω cm2) 
Rtot (Ω cm2)  Vcell (V)   Vcell simulation error to 
measured value (%) 
Method A 
 
Method B 
 
Differ-
ence
Method A Method B Measured Method A Method B 
0.00 0.0122 0.2094 0.2062 0.0032 0.8716 0.8716 0.872 −0.05 −0.05 
0.06 0.0121 0.2135 0.2112 0.0023 0.8855 0.8854 0.885 0.06 0.05 
0.12 0.0120 0.2072 0.2143 -0.0071 0.8983 0.8992 0.899 −0.08 0.02 
0.25 0.0118 0.2090 0.2166 -0.0076 0.9261 0.9281 0.927 −0.09 0.12 
0.50 0.0115 0.2141 0.2143 -0.0002 0.9838 0.9838 0.984 −0.02 −0.02 
1.00 0.0109 0.2163 0.2151 0.0012 1.0983 1.0973 1.096 0.21 0.12 
Gas supply conditions were the same as in Fig. 6.  
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Fig. 6― Measured V-J curve and simulated one with a fixed Rtot (Method B) at 1.0 A cm−2 and 
800°C. Cathode gas: 82 % H2O-H2, 2000 sccm, Anode gas: 20.95 % O2-N2, 3000 sccm in 
simulation and air, 3000 sccm in experiment. 
 
Then, a V-J curve at 800°C was simulated using a fixed Rtot (Method B) at 1.00 A cm−2, or 
0.215 Ω cm2 to simplify calculation process. This method was motivated by the small changes in 
Rtot at 0.00-1.50 A cm−2 (see Table 2), so that fixing Rtot could be allowed.  As shown in Fig. 6, 
simulated curve agreed well with one measured at identical operating conditions. Error analyses 
clarified that simulation errors were ± 0.26 % to the measured values at 95 % level of confidence. 
Using a fixed Rtot for a higher current density was found to be a convenient way, though its 
precision will be somewhat worse than ±0.12 % in the point-to-point Vcell simulation by the 
Method B as in Table 2.  
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Fig. 7― Importance of GCI consideration for Vcell simulation precision at 800°C. Gas supply 
conditions were the same as in Fig. 6. 
 
As mentioned above, simulated GCIs were about 4 % of overall real-part impedance, so that 
we investigated effect of GCI on Vcell simulation error, or (Vcell,sim  − Vcell,meas)/ Vcell,meas to 
elucidate whether such small GCI can be ignored or not. As displayed in Fig. 7, it was clarified 
that the simulation errors could be bigger at higher current densities (J ≥ 0.5 A cm−2) when Rtot 
was given as ORI by omitting GCI. According to Eq. 10, cell voltages (Vcell) can be calculated by 
Vcell = Eemf − Rtot jo, depending on Rtot and jo, so that good precision of Rtot estimation will be 
required at higher densities J where local current density jo tends to be large.  Thus, even though 
GCI is small to overall real-part impedances or Rtot at the higher flow-rate conditions, it is 
important to consider and estimate GCI for precisely understanding cell performance and total 
area-specific resistance or total overvoltages.  
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It is sure that GCI may be ignored by increasing gas flow-rates further or decreasing active 
electrode area, since GCI at a practical-sized SOFC is almost inversely proportional to flow-rate 
[13]. However, this will not be beneficial for cell or stack testing with relatively large electrode 
area (> 10 cm2) because supply at far larger flow-rates is required, resulting in difficulty in 
calibrating flow-rates and preheating gases. For the used cell case (16 cm2), flow-rates should be 
ten times higher, or 20,000-30,000 sccm to reduce GCI to order of 0.001 Ω cm2. Therefore, the 
simulation method considering GCI will be useful to understand total overvoltages and predict 
well-gas-sealed cell performance. 
 
4.2 Temperature dependency validation 
To evaluate validity of our simulation method at other cell temperatures, temperature-
dependency of V-J curve was investigated with fixed Rtot for each temperature in the same 
manner as in section 4.1. Rtot = 0.364, 0.215, and 0.159 Ω cm2 obtained from Method B at 0.50, 
1.00, and 1.00 A cm−2 was used for simulations at 750, 800, and 850°C, respectively.  
As displayed in Fig. 8, simulated V-J curves (solid lines) agreed well with measured ones 
(open symbols) also at 750°C and 850°C. Statistical analyses clarified that simulation errors to 
the measured Vcell were ± 0.42 % at 750°C, ± 0.26 % at 800°C, and ± 0.22 % at 850°C at 95 % 
level of confidence. The largest error at 750°C will be due to fluctuation of cell voltage in the 
experiment derived from intermittent unstable steam supply at 750ºC since two standard 
deviation of the measured voltage from a linear regression line was almost the same as the 
simulation error. If steam can be fed more stably, simulation error would be ± 0.3 % level. 
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Therefore, it was found that the simulation method fixing Rtot can precisely predict V-J curves 
at wide cell temperatures. Each Rtot, or total overvoltage and GCI could be evaluated precisely 
also at 750 and 850°C. 
 
 
Fig. 8― Temperature dependency of V-J curve obtained by simulation and measurement at 750, 
800, and 850°C with Rtot = 0.364, 0.215, and 0.159 Ω cm2, respectively. Gas supply conditions 
were the same as in Fig. 6 .  
 
4.3 Case studies at 800°C 
Case studies were carried out to elucidate SOEC performance at more practical operating 
conditions, or reduced flow-rates. Simulations were implemented by the method with a fixed Rtot 
at 800°C, assuming Rtot is constant at every current density even if gas flow-rate and composition 
change. In addition, effect of Rtot on V-J curves was discussed.  
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4.3.1 Effect of reducing gas flow-rates for practical conditions 
So far, gas flow-rates for cathode and anode was set as 2000 and 3000 sccm (hereafter, 
denoted as reference flow-rates) to the 16 cm2 effective electrode area, respectively, in the 
simulations and experiments to suppress gas-composition change in the electrodes, leading to low 
steam utilizations such as 6.8-11.9 % at 1.0-1.75 A cm−2. However, in practical operation of 
SOECs, reduced flow-rates are required to attain high steam utilization and higher energy 
efficiencies. 
Effect of reducing flow-rate was investigated at 1/2, 1/4, 1/8, and 1/12 of the reference flow-
rates at 800°C by simulation at Rtot = 0.215 Ω cm2 in the same manner in section 4.2. The highest 
steam utilization was restricted at 99.4 % for the 1/12 flow-rate case, otherwise V-J curves were 
calculated at 0.00-1.75 A cm−2. Figure 9 shows V-J curves for the different flow-rates. As flow-
rate decreased, increase in cell voltages was observed. Since Rtot was common at those flow-rates, 
the Vcell differences were derived from ones in electromotive forces in the cell. Reduction of 
flow-rate at a current density leads to increase in H2 mole fraction in cathode and O2 fraction in 
anode, resulting in higher electromotive forces.  
As emphasized in the 1/12 case (see Fig. 9), the V-J curve was more bent at lower and higher 
current densities and rather straight at mid-current-densities around 0.5-0.9 A cm−2. As a result of 
GCI calculation for the case, as exhibited in Fig. 10, GCI against current density and steam 
utilization was found to be U-shaped in SOEC with 0.08-0.13 Ω cm2. This agrees with the GCI 
shape for a 57 cm2 SOFC where lower and higher fuel utilizations led to higher GCI [13]. The 
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shape in this paper was not perfectly symmetrical with its center at Ust = 50 % since the cathode-
inlet steam mole fraction was 82 % instead of much higher one.  
Validation of those V-J curves with experimental data will be desirable in future after a cell 
with larger electrodes is developed. 
 
Fig. 9― Effect of reduced gas flow-rates on V-J curves at 800°C and Rtot = 0.215 Ω cm2. 
Reference flow-rate: fc = 2000 sccm, fa = 3000 sccm. Gas compositions were the same as in Fig. 4. 
Comparing to the 0.01 Ω cm2-order GCIs at the reference flow-rates (section 4.1), GCI 
increased by one order of magnitude at 1/12 reduction of flow-rate (see Fig. 10). Table 3 shows 
GCI and specific GCI at 0.00 A cm−2 and 800°C for the reduced flow-rates. The specific GCI 
means a normalized GCI to one at the reference flow-rates. It was confirmed that GCIs in SOEC 
were roughly inversely proportional to the gas flow-rate at high temperature steam electrolysis, 
accounting for 10 % smaller from the principle. This result agrees with the GCI principle in solid 
oxide fuel cells with a small electrode area where gas composition change is small in the 
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electrodes [12]. The 10 % differences of specific GCIs from the principle may be because the 
modeled cell had a relatively large electrode area, 16 cm2 and gas compositions change locally. 
 
Fig. 10― GCI against current density and steam utilization at 1/12 of the reference flow-rate. 
Gas supply conditions: fc = 166.7 sccm, fa = 250.0 sccm. Gas compositions were the same as in 
Fig. 4. 
   
Table 3 Gas conversion impedance at 0.00 A cm−2 and 800°C for the reduced flow-rates 
 Specific gas flow-rate for cathode and anode against 
reference one 
 Reference 1/2 1/4 1/8 1/12 
GCI (Ω cm2) 0.012 0.022 0.043 0.087   0.128 
Specific GCI 1 1.8 3.6 7.3 10.8 
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Fig. 11― (a) Local current density distribution at J = 1.00 A cm−2 and 800°C for reduced flow-
rates and (b) local distribution of Eemf, jo, χH2, and χH2O at 1/12 of the reference flow rate at 1.0 A 
cm−2 and Ust = 82 %. Gas composition of cathode and anode gases was the same as in Fig. 4. 
 
Figure 11 (a) exhibits local current density (jo) distributions in x-direction at reduced flow-
rates. At the reference flow-rate, jo distribution was almost flat, while decrease in flow-rate 
enhanced jo at smaller x, or the gas inlet side and decreased jo at the gas outlet side. This tendency 
was obvious at the 1/12 of the reference flow-rate case, giving ±40 % deviation of jo to the 
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averaged 1.00 A cm−2 at 82 % steam utilization (Ust). Therefore, high steam utilization at 
practical SOEC operation will impose much higher current densities at the gas inlet in the case of 
co-flow configuration than averaged current density. Since it was reported that SOEC will be 
more deactivated at higher current densities than at lower ones [8], high steam utilization could 
locally deactivate cells and stacks at those higher current-density regions. When cells with a 
small electrode area are tested with higher flow-rates or lower steam utilization in long term, 
several current densities should be used, e.g. 40-50 % increased and decreased ones from a rated 
current density in practical operation.  
Figure 11 (b) shows local distribution of electromotive force (Eemf), jo, and H2O-H2 mole 
fractions (χH2O, χH2) in the cathode at the 1/12 of the reference flow-rates, 1.00 A cm−2 and Ust = 
82 %. In proportion to jo, steam was converted into H2, leading to increase in Eemf at x= 4.0 cm 
(the gas outlet) from Eemf = 0.8715 V at the gas inlet which was almost equal to an open circuit 
voltage. Averaged Eemf along x-direction was estimated as 0.9573 V, which was by 58 mV higher 
than the Eemf at the gas inlet. Thus, this excess voltage was needed for electrolysis at Ust = 82 % 
in addition to the open-circuit voltage and the total overvoltages, 0.215 Ω cm2 × 1.0 A cm−2 = 
0.215 V for this case. 
Distribution of current-density and gas composition will be measured in future after a larger 
cell is developed and these simulation results or the developed simulation method be validated. 
 
4.3.2 Effect of total area-specific resistance 
To assess targeted total area-specific resistances for cell development, effect of Rtot on V-J 
curves was investigated at 800°C with 1/8 of the reference flow-rates; 82 % H2O-H2 250 sccm, 
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20.95 % O2-N2 375 sccm. In the conditions, 1.5 A cm−2 corresponds to 81.5 % steam utilization. 
Figure 12 shows obtained V-J curves at the different Rtot. Decrease in Rtot to 0.150 and 0.100 Ω 
cm2 from the reference 0.215 Ω cm2 will suppress cell voltages down to 1.187 and 1.114 V at 1.5 
A cm−2 and also 1.221 and 1.140 V at Ust = 90 % (1.66 A cm−2), respectively.  
Table 4 summarizes current densities at 1.300 V for the different Rtot. 1.300 V is near a 
thermo-neutral voltage for steam electrolysis at 800°C, or 1.287 V [31] that is calculated from 
lower heating value of H2 combustion (248.3 kJ mol−1) divided by 2 F assuming liquid H2O is 
evaporated by heat exhausted from SOEC or other wasted heat. It is clarified that Rtot = 0.365 and 
0.226 Ω cm2 will be required to attain 1.00 and 1.50 A cm−2 at 1.300 V in the simulation 
conditions. When cell performance is improved to Rtot, which is equal or smaller than 0.150 Ω 
cm2, current densities more than 1.75 A cm−2 can be expected. 
 
 
Fig. 12― Effect of Rtot on V-J curves at 800°C. Gas supply conditions: fc = 250 sccm, fa = 375 
sccm, gas composition of cathode and anode gases was the same as in Fig. 6. 
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Table 4 Effect of Rtot on current density at 1.300 V and 800°C 
Rtot  
(Ω cm2) 
0.100 0.150 0.226 0.215 0.300 0.365 0.450 0.500 0.784 1.000
Current 
density  
(A cm-2) 
>  1.75 >  1.75 1.5 1.36 1.19 1.00 0.83 0.75 0.50 0.40 
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5 Conclusions 
A quasi-1D simulation model was developed to interpret total area-specific resistance (Rtot) 
that accounts for total overvoltages in high temperature electrolysis of steam with a solid oxide 
cell (SOEC) and to discuss gas conversion impedance (GCI) in SOEC. The developed model was 
found to be a precise tool to estimate GCI, total area-specific resistance or total overvoltages, and 
V-J curve. Electrochemical impedance spectra in SOEC will include GCI. Detailed conclusions 
are summarized as follows.      
(1) GCI for a square cell (16 cm2) was estimated at 800°C and relatively large flow-rates, 
giving 0.012-0.010 Ω cm2 at J = 0.0-1.8 A cm−2. Rtot = 0.206-0.216 Ω cm2 was estimated at J = 
0.0-1.8 A cm−2 and 800°C accompanied with ±0.12-0.21 % errors in cell voltages against 
measured ones. Therefore, the developed model can precisely estimate GCI and Rtot for SOEC. 
Even though GCI is small compared to Rtot, ignoring the GCI will result in higher simulation 
errors especially at J > 0.5 A cm−2. 
(2) Another method fixing Rtot for each temperature can be easier than the point-to-point 
simulation above and attain ±0.3 %-level precision to measured cell voltages though it showed 
slightly higher errors. This method was found to be valid at different cell temperatures such as 
750-850ºC.  
(3) Case studies clarified that GCI in practical-sized SOEC (not button cell) is roughly 
inversely proportional to gas flow-rate and depends on steam utilization. Reducing flow-rates for 
practical SOEC operation will lead to large distribution of current density in a cell. Hence, 
degradation behavior will be worse at gas inlet side due to higher current densities. Furthermore, 
decrease of Rtot to 0.150 Ω cm2 could attain more than 1.75 A cm−2 at 1.30 V and 800°C.     
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